Abstract: Thermoluminescence (TL) of monomineralic separates have been widely used in various geosciences fields in order to trace the thermal history and aid in prospecting for gold deposits. Quartz is a ubiquitous mineral in the Shihu gold deposit, which is situated in the northern part of the Taihang orogenic belt in the North China craton (NCC). The deposit is hosted by ductile-brittle faults within an Archean metamorphic core complex of the Fuping Group. This deposit is characterized by gold-bearing quartz-polymetallic sulfides and quartz veins. New TL results have been obtained for quartz, in which four type-TL glow curves were identified. The gold-bearing quartz present type III glow curves that consist of two peak glow curves at the middle and high peak temperatures with the similar TL intensity. In addition, the cross-sections of peak temperatures and TL intensity highlight the valuable area where the Au-bearing quartz present weak TL intensity and low-middle peak temperatures. Our results significantly enhance the usefulness of quartz in metallogenic studies of the North China craton and as an indicator mineral in mineral exploration of the Taihang Mountain region.
Introduction
A ubiquitous silicate mineral in gold deposits, quartz is vulnerable to dissolution and reprecipitation in hydrothermal systems. It is therefore a good material for recording * E-mail: cykaiyang@yahoo.com.cn and storing the evolution of hydrothermal metallogenic systems, especially compared to other minerals that may be much more altered. Quartz commonly shows intense luminescence under the appropriate stimulation. Thermoluminescence (TL) is the emission of visible light by heating [1] . TL results from a thermal activation of electrons trapped by the lattice defects of a crystal [2] . Therefore, TL requires chemical or physical defects in a mineral and the trapping of electrons by these defects. The number and the features of electron traps -or the glow curve shapesare chiefly dependent on crystallization or recrystallization conditions. Radiation or thermal effects caused by high temperature events can also lead to a displacement process of atoms. However, these last effects are unusual in the cases studied for gold exploration [3] . Attempts to use TL as an exploration tool began in the USA and in Canada with the studies of reference [4] . Charlet et al. (1987) [5] has summarized the use of TL for mineral exploration. TL glow curves are often complex, which provide a good way to discriminate between quartz of various origins (e.g barren quartz and mineralization quartz). In general, though TL intensity of quartz is often very low, the luminescence properties of quartz have been used for prospecting in many gold deposits in China over the past decade [6] [7] [8] . The objectives of the present study are to determine peak temperature, intensity of TL of quartz from different ore-forming stages, and then evaluate its usefulness for prospecting.
Regional and district geological setting
The North China craton (NNC, also known as the SinoKorean craton) with basement rocks as old as 3.8 Ga [9] ( Figure 1a) is located in the eastern part of the EuroAsian continent, bounded to the north by the southern margin of Central Asian Orogenic Belt (CAOB) and to the south by the Dabie-Sulu ultra-high pressure (UHP) belt that formed during a process of Triassic collision between the Yangtze Block and the NCC [10] . The Taihang Mountain, part of the NE-SW trending giant gravity lineament (NSGL) (Figure 1b) was identified based on geophysical data [11] . According to recent work, the Taihang Mountain is a special geomorphological-tectonic unit within the North China craton which separates the Ordos cratonic block in the west and the North China semicircular rift basin in the east [12] . The region to the west of the NSGL shows large negative Bouguer gravity anomalies and is underlain by a thick (150-220 km) lithospheric mantle; the region to the east of the NSGL, however, shows weakly negative to positive Bouguer gravity anomalies and high heat flow and is underlain by a relatively thin lithosphere (60-120 km) [13] . Extensive Mesozoic magmatism, together with the development of large-scale sedimentary basins, occurs mainly in the region east of the NSGL, in contrast to the minor magmatism in the region west of the gravity lineament.
The base of Taihang Mountain mainly consists of Archean tonalite-trondhjemite-granodiorite (TTG) gneiss, which are unconformably overlain by thick sequences of Meso-to Neo-Proterozoic clastic and chemical sedimentary rocks, suggesting that the craton was stabilized by the PaleoProterozoic. The craton was stable until the late Triassic when widespread volcanism (predominantly basaltic, andesitic and dacitic rocks, with minor rhyolites) and intrusion of dominantly intermediate to felsic plutons occurred, accompanied by large-scale basin formation. The Mesozoic magmatism continued intermittently until the late Cretaceous, and resulted in the NE-trending magmatic belts in East China [14] . Voluminous Mesozoic intrusions occur in the orogen, with rock types dominated by monzonites, monzogranites and related mafic rocks. Chen, et al. (2008) [15] reported SHRIMP zircon U-Pb ages of 127±3 Ma and 129±3 Ma for a quartz monzonite pluton and a monzonite pluton in the orogen, respectively. A slightly older age of 138±2 Ma was also reported by Chen, et al., (2005) [16] for a mafic pluton from the orogen.
The Shihu gold mining district covers 4.1229 km 2 , centered on geographic coordinates 114˚03 15"E-114˚04 21"E and 38˚38 04"N-38˚40 19"N. The deposit is a typical Shihutype gold system with quartz-sulfide veinlets (Figure 1c) . The wall rocks consist of metamorphosed Precambrian sequences, including tectonically flattened and foliated 2.5∼2.4 Ga TTG gneisses, ∼2.5 Ga Wanzi paragneisses mainly derived from aluminous schist and gneisses with minor amounts of calc-silicate rocks, marbles and amphibolites, and ∼2.0 Ga Nanying granitic gneisses, commonly containing the TTG as xenoliths, mainly derived form monzogranitic and syenogranitic varieties [17, 18] . All of which are metamorphosed to upper-amphibolite to granulite facies. The Mapeng granitoid batholith, with a total exposed area of about 64.5 km 2 , is the most impotant intrusion in the Shihu gold mine area. The batholith intruded the Archean Fuping complex and is composed mainly of medium-to coarse grained massive granites. Small mafic enclaves (5-15 cm long) that have sharp contacts with the host granite are locally present. In addition, there is a NE-striking swarm of diorite and quartz diorite porphyrite dikes that intrude into the Archean Fuping complex, broadly parallel to the gold-bearing quartz vines.
The Shihu gold deposit is restricted by NNE-NE trending faults. More than 50 quartz veins have been identified in the deposit, which trend N/S and dip west or east. These veins are generally 2-5 m in width and hundreds of meters in length. The main lode is approximately 3200 m long and 2-5 m wide (locally up to 10 m), and has an average gold grade of 5.88 g t −1 with a maximum grade of 100 g t −1 [19] (Figure 1d ). In terms of paragenetic sequences, these gold-bearing veins can be divided into three types: (1) pyrite phyllic veins; (2) disseminated pyritization veins; and (3) polymetallic sulfide veins. Alteration around the veins comprises mainly K-feldspathization, pyrite phyllic alteration, silicification and intensive polymetallic sulfide as well as lesser carbonatization, sericitization, kaolinization, and chloritization. Among the alteration assemblages, the intensive polymetallic sulfide and silicification are most closely associated with gold mineralization. According to ore textures, structures and mineral assemblages, ore-forming processes are divided into four stages: a pyrite phyllic stage (1), A smoky gray Au-bearing quartz, fine-grained pyrite stage (2), A Au-bearing polymetallic sulfide-quartz stage (3), A quartz-carbonate stage (4). The stage 3 and stage 4 are the main ore-forming stages and the superposition of these two stages form bonanza zones. Ore structures commonly commonly include automorphic granular structures, poikilitic structures and immiscible structures. Ore minerals are predominantly pyrite, galena, sphalerite, chalcopyrite and magnetite, with minor pyrrhotite, bornite and native ruthenium [24] . Gold minerals are predominately native gold and electrum with trace amounts of kustelite ( Figure 2 ). The shape of gold minerals are dominated by spherulitic, flake-like and dendritic. Quartz, K-feldspar, plagioclase, carbonate, biotite, sericite and chlorite constitute characteristic gangue mineral assemblage for both ore types.
Samples and Method
Seventy-one hydrothermal quartz samples from the Shihu lode gold deposit were selected from underground mining area at different levels: 560 m, 400 m, 360 m, 300 m, 260 m, 220 m, and 180 m. For quartz, TL intensity is often very low, so it is necessary to use an apparatus with a detection system sensitive to low light. Therefore, we used a new All experiments were conducted in the Laboratory of Genetic Mineralogy, China University of Geosciences, Beijing. Initially, the samples were crushed to a grain size of approximately 200 to 300 μm using a carefully pre-cleaned agate mortar and pestle. About 100 mg of pure quartz grains without visible impurities were hand-picked using a binocular microscope. The calcite and dolomite impurities on the surface were readily removed from the sample after 24 hours of 10% HCl etching. Thereafter, all samples were repeatedly washed with diluted HNO 3 and ultrapure water, and finally evap-orated to dryness at 50°C. The pure quartz was stored in acid cleaned glass tubes. Quartz aliquots of about 2 mg were heated in the TL apparatus for 470 seconds at a linear heating rate of 1°C s −1 .
Results
The TL results are summarized in the following Table 1 . Double-peak glow curves were observed for 23 samples (32% of the total) and single-peak curves for the rest. No glow curves with more than 2 peaks were observed.
Discussion

Analysis of TL curves
A plot of light emission versus temperature is called a "glow curve", and often shows several glow peaks. The main TL properties are obtained from the glow curves by plotting the light intensity of a mineral powder against the temperature. In mineral exploration, different types of quartz can be distinguished by using the number, temperatures and relative intensities of the glow peaks. The glow peaks may be characterized by a statistical study of the distribution of the light emissions temperatures and, after that, by a calculation of the mean value, the statistical dispersion and the frequency of the appearance of the glow peaks defined in this way. For the Shihu gold deposit, four different types of glow peak have been identified. Examples of Types I-IV are shown in Figure 3 . Using cross-cutting relationships of veins in the mine, the ore-forming processes of the Shihu gold deposit can be divided into four metallogenic stages: a pyrite-quartz stage, a quartz-pyrite stage, a quartz-polymetallic sulfide stage and a quartz-carbonate stage, in sequence from early to late. Petrographic textures displayed in Figure 3 shows that the type I curve is associated with stage 1 quartz, characterized by milky white quartz without sulfide; the type II curve is typical of quartz associated with the gold mineralization of quartz-pyrite stage 2, in which pyrites are the main sulfide in the quartz veins; the type III curve is typical of smokey quartz of the quartz-polymetallic stage 3; and the type IV curve is mainly found in the quartz associated with carbonatization and ferrocalcite parageneses of stage 4. The number of electrons trapped, (which gives the TL intensity) is dependent on various factors [3] :
• TL sensitivity with respect to to crystallization or recrystallization conditions.
• Radioactivity: this increases the number of elec- trons trapped but with a saturation level related to the nature of the mineral and its radioactive and thermal history.
• Thermal or photodesexcitation effects which decrease the number of trapped electrons. Thus, geothermal effects, sunlight and paleoclimatological conditions can modify the filling rate of the traps.
The quartz in stage 1 is characterized by single-peak glow curves at the peak temperature ranging from 200 to 260°C with the large scope of TL intensity ranging from 1000 to 10000 arbitrary units. The quartz in stage 2 are typical of two-peak glow curves corresponding to middle-low and high peak temperature with conspicuous TL intensity exemplified by the sample collected at 11 exploration line at the 180 m level. It shows a low-temperature peak at 192°C of 8470 arbitrary units and a weaker high-T peak of 1305 arbitrary units at 329°C. Collected from high grade Au-bearing quartz veins occurring nearby the quartz diorite porphyry dykes, the sample was transformed by oreforming fluid suggested by the typical glows curves at stage 2. The quartz in stage 3 feature two-peak glow curves corresponding to middle and high peak temperatures with similar TL intensity of about 3000 arbitrary units. The glow curve for stage 4 quartz is typified by that of the sample from the 29 exploration line at the 220 m level, which has a narrow peak at temperatures below 200°C and of maximum intensity of 10000 arbitrary units. This glow curve indicates the samples of quartz formed shallowly and captured a larger number of electrons in electron traps of weaker energy levels [25] .
Implications for gold exploration
Seen together, the gradual increase in TL peak temperatures coincides with decreasing TL intensities (R 2 =0.49) (Figure 4) , suggesting a negative correlation between the number of trapped electrons and their depth of trapped energy levels [26] . In general, quartz crystals constantly received and accumulated the amount of external radiation. Electrons trapped in deep energy traps require high temperatures demanding excitation sufficient to escape from the trap [27, 28] , whereas electrons in shallow traps can escape even at lower temperatures. Therefore, older quartz shows relatively stronger high-temperature glow peaks, while later stage quartz shows enhanced lowtemperature peaks [29] . Consistent with field observations, the type I and type IV glow curves of Figure 3 correspond to the earliest and latest quartz. However, the peak shapes and peak numbers are affected by the number and types of structural impurities in the quartz. The more impurities the quartz has, the more complicated the glow curves become [30] . TL characteristics show conspicuous regional trends in their peak temperatures and TL intensities throughout the studied area. Glow curve characteristics can provide some geological context in which to judge the properties of the Au-bearing quartz veins [31] . The type III glow curves, as an indicator of economic minerals, can be applied to prospecting and surface exploration work [6, 7] . Cross-sectional maps of peak temperatures and TL intensity were compared to those of gold grade ( Figure 5  and 6 ). These projections indicate that the TL intensity at 2000-6000 arbitrary units of quartz corresponds to highgrade quartz veins, while weaker or stronger TL indicates barren quartz. Furthermore, low-to-medium peak temperatures (< 300°C) also indicate a high gold grade. 
Conclusions
As an important method, mineralogical mapping is often applied to prospecting. Quartz TL is an easy and lowcost method as applied to the assessment of exploration prospects in the Shihu gold deposit. New results have been obtained for quartz and the results are promising. Through the comparison of TL glow curves, peak temperature, TL intensity and gold grade, it is shown that the gold-bearing quartz correlates with type III glow curves, with middle and high temperature glow peaks of similar TL intensity. Moreover, the cross-sectional maps of peak temperatures and TL intensity highlight areas of economic deposits, in which the Au-bearing quartz present weak TL intensity and low-middle peak temperature. Recognition of quartz related to mineralized rocks can provide a rapid and cost-effective way to find mineralization by more detailed sampling. 
